Dynamically polarized target for the g2p and GEp experiments at
  Jefferson Lab by Pierce, Joshua et al.
Dynamically polarized target for the gp2 and G
p
E experiments at Jefferson Lab
J. Piercea,∗, J. Maxwellb,1, T. Badmanb, J. Brocka, C. Carlina, D. G. Crabbc, D. Dayc, C.D. Keitha, N. Kvaltinec, D.G. Meekinsa, J.
Mulhollandc,2, J. Shieldsc, K. Sliferb
aThomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
bDept. of Physics, University of New Hampshire, Durham, NH 03824, USA
cDept. of Physics, University of Virginia, Charlottesville, VA 22904 , USA
Abstract
We describe a dynamically polarized target that has been utilized for two electron scattering experiments in Hall A at Jefferson Lab.
The primary components of the target are a new, high cooling power 4He evaporation refrigerator, and a re-purposed, superconduct-
ing split-coil magnet. It has been used to polarize protons in irradiated NH3 at a temperature of 1 K and at fields of 2.5 and 5.0 Tesla.
The performance of the target material in the electron beam under these conditions will be discussed. Maximum polarizations of
28% and 95% were obtained at those fields, respectively. To satisfy the requirements of both experiments, the magnet had to be
routinely rotated between angles of 0◦, 6◦, and 90◦ with respect to the incident electron beam. This was accomplished using a new
rotating vacuum seal which permits rotations to be performed in only a few minutes.
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1. Introduction
Dynamically polarized solid targets play an integral role in
the physics program at Jefferson Lab. To date, they have been
utilized on several occasions in experimental Halls B and C
to examine the spin structure and electromagnetic structure of
both the proton and neutron, as well as the excited states of
the proton. The targets operated in those halls have been de-
scribed in separate articles [1, 2, 3], while the target described
here marks the first use of a solid polarized target in experimen-
tal Hall A. It mainly consists of components used previously in
Halls B and C, heavily modified to satisfy the requirements of
the Hall A experiments. In addition, new components have been
fabricated for improved performance, reliability, and safety.
2. Experimental Overview
Two separate experiments requiring a dynamically polar-
ized proton target were approved for operation in Hall A at
Jefferson Lab. The first of these experiments, referred to as
“gp2 ,” aimed to measure the proton’s transverse spin structure
function gp2 at momentum-transfer squared values as low as
Q2 . 0.02 (GeV/c)2 [4]. The second experiment, herein re-
ferred to as “GpE ,” measured the proton elastic form factor ratio
µGE/GM in the range Q2 = 0.01−0.7 (GeV/c)2 [5]. Both exper-
iments examined the scattering of spin polarized electrons from
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spin polarized protons at very forward angles. To extend the
measurements to the lowest Q2 values, a normally conducting
septum magnet was located between the polarized target and
the two Hall A spectrometers to bend the most forward-going
scattered electrons into the spectrometers. Both experiments
proposed to use the polarized target system that had been uti-
lized in Hall C on three previous occasions as well as at SLAC
and is described by Averett et al. [1]. This system features a
high cooling power 4He evaporation refrigerator, a target insert
accommodating multiple target samples, and a 5 T supercon-
ducting split-coil magnet3 specifically designed for scattering
experiments with a wide range of field directions.
Because of their similar electron-beam energy requirements
and because they shared much of the same equipment, the two
experiments ran concurrently. However, they required different
values for directions of the proton polarization (and therefore
the target’s magnetic field). For the gp2 experiment, this direc-
tion was 90◦ with respect to the incident electron beam, while
for GpE it was 6
◦. Additional measurements were made at 0◦
to measure gp1 for comparison to a result from Hall B [6]. To
accommodate alternation between the experiments at a given
beam energy, field rotations were necessary as often as several
times a week, so making each rotation as brief and reliable as
possible was a priority.
In the Hall C target system, rotation was accomplished by
suspending the entire target cryostat from a large rotation stage.
The 1 K refrigerator and target insert also rotated along with the
magnet, and the procedure required approximately eight hours
to perform successfully. The vacuum pumps for the refrigerator
had to be stopped and the refrigerator filled with a slight over-
3Oxford Instruments plc
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Figure 1: Polarized target assembly for the gp2 and G
p
E experiments. The mag-
netic field is parallel to the electron beam in this orientation.
pressure of helium gas before the plumbing between the pumps
and refrigerator was disconnected. After rotation, the target in-
sert was removed and placed back into the refrigerator, oriented
along the beamline. Finally the plumbing was reassembled and
the refrigerator cooled once more to 1 K.
In Hall A, the time required for this procedure has been dra-
matically reduced to only a few minutes by placing a new, ro-
tary vacuum seal between the 1 K refrigerator and the top of the
cryostat, and by constructing a new plumbing manifold between
the refrigerator and the pumps. These allow the refrigerator and
target insert to remain fixed with respect to the beam line while
the rest of the target assembly rotates. Since there is no need
to remove the target insert or break the vacuum plumbing, the
new scheme also reduces the risk of contaminating the helium
system with air, or damaging the target samples during removal
or insertion.
Finally, we note that the ammonia samples were polarized
at both 5 T and 2.5 T fields. The latter value was used during
the gp2 runs at the lowest energies despite the lower polariza-
tions obtained at this field. Here a transverse 5 T field would
have deflected scattered electrons outside the acceptance of the
Hall A spectrometers. A 2.5 T field was chosen because of the
availability of a 70 GhZ microwave circuit for the DNP process.
The deflection from this reduced field could be compensated for
using chicane magnets upstream of the target.
3. Polarized target system
Dynamic nuclear polarization (DNP) is a standard technique
for producing polarized solid targets for nuclear and particle
experiments [7]. To realize DNP, a paramagnetic species in the
form of a free or unpaired electron is introduced into the target
material, either by dissolving a stable radical into the material
(if the latter is liquid at room temperature), or by producing
radicals directly within the material using ionizing radiation. In
this case, the target material consisted of irradiated NH3. The
electrons are highly polarized by cooling the sample to a low
temperature and exposing it to a high magnetic field. For ex-
ample, at the 1 K and 5 T operating conditions of this target, the
electron polarization is 99.8%. Off-center microwave satura-
tion of the radicals’ Electron Spin Resonance (ESR) frequency
is then used to transfer their polarization to nearby nuclei, with
one or more mechanisms, such as the solid effect, thermal mix-
ing or the cross effect, being responsible for the polarization
transfer [8]. The polarization of nuclei near the paramagnetic
radicals is transported throughout the bulk of the sample via
spin diffusion, and may be positive or negative, depending upon
whether the microwave frequency is below or above the ESR
frequency. In well designed systems, proton polarizations ex-
ceeding 95% [9] and deuteron polarizations approaching 90%
[3] have been achieved.
The general setup of the polarized target is shown in figure 1.
The system consists of an aluminum scattering chamber with
multiple thin windows on its periphery for the entry and exit of
the electron beam and for the exit of scattered particles. The
scattering chamber is evacuated to approximately 10−7 torr and
provides an insulating vacuum for the cryogenic components
inside. These consist of a liquid nitrogen heat shield, an 80 l
liquid helium dewar, the superconducting magnet, and the 1 K
evaporation refrigerator. The entire system hangs from an alu-
minum and steel platform positioned at the pivot point between
the two Hall A spectrometers. A large rotary track allows the
scattering chamber, LN2 shield, LHe dewar, and magnet to ro-
tate about their central axis. The 1 K refrigerator and target
insert are rigidly attached to the platform and interface with the
top of the cryostat via a rotating vacuum seal. They therefore
remain fixed with respect to the electron beam line as the other
target components rotate underneath.
3.1. Magnet
Failure of the Hall C magnet of reference [1] necessitated
a quick replacement with a set of 5 T superconducting coils
that were constructed4 for the Hall B polarized target. Figure 2
shows a photograph of the Hall B magnet suspended from the
Hall C helium dewar. While the two magnets share some simi-
larities, the Hall B magnet was only intended to provide a lon-
gitudinal polarizing field. Therefore, differences do exist and
are described below.
Both magnets have an 200 mm open bore and an open an-
gle of about ±17◦ perpendicular to the field. The Hall C coils
4Oxford Instruments plc
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Figure 2: Hall B polarized target magnet suspended from the Hall C polarized
target cryostat, after covering with super-insulation.
have a ±50◦ open angle on both the up- and down-field sides of
the magnet, whereas the Hall B coils have this open angle only
on one side. The quench protection circuitry for this magnet
is located on the opposite side, with a 75 mm diameter port for
the incident electron beam (in the Hall C magnet, the quench
protection is located above the coils in a separate stainless steel
container). The magnets have an 80 mm diameter opening at the
top for the target refrigerator and insert. The Hall C coils pro-
duce a field with a relative uniformity of < 10−4 over a spher-
ical volume of 30 mm diameter. The uniform field region of
the Hall B magnet is smaller: < 10−4 over a cylindrical volume
20 mm in diameter and 20 mm long. While this is smaller than
the dimensions of the ammonia target cells (25 mm diameter ×
30 mm long), we saw no adverse effects on the proton polariza-
tion.
Major modifications were necessary to install the Hall B
magnet in the Hall C cryostat. First, the magnet was rotated
180◦ about the field axis in order to locate the magnet leads at
the top rather than the bottom of the coil packages. The access
port for the leads was also used to supply liquid helium to the
coils via a short length of stainless steel hose connected to the
underside of the cryostat’s liquid helium dewar. One aluminum
support ring was attached to the top of the magnet and a second
suspended from the helium dewar using three 1-inch threaded
rods. With assistance from Jefferson Lab’s Survey and Align-
ment Group, the magnet was accurately positioned relative to
the top plate of the cryostat, and the two support rings were
then clamped together. We regard this as an improvement over
the original scheme, where the Hall C magnet was rigidly sus-
Figure 3: The 1 K evaporation refrigerator.
pended from the helium dewar with two indium-sealed flanges,
and no fine positioning of the magnet inside the cryostat was
possible.
3.2. Refrigerator
A new, high cooling power, 4He evaporation refrigerator was
constructed to replace the original refrigerator that was dam-
aged during its last use in Hall C. The new refrigerator de-
sign includes modifications to accommodate the new rotation
scheme, improve reliability, and to satisfy the requirements of
the ASME pressure vessel code. The design, shown in figure 3,
is well-established and will be briefly described here.
Using a well-insulated, flexible transfer line, 4 K liquid he-
lium is continuously siphoned from the superconducting mag-
net’s dewar into the top of a 1 liter stainless steel vessel called
the “separator”, where it drains through a 1 mm thick plate of
sintered stainless steel to remove vapor that is transferred with
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the liquid. The vapor is pumped away using a small diaphragm
pump and cools a series of perforated copper baffles located be-
tween the separator and the pumping manifold for the evapora-
tion refrigerator. A vapor flow of 5 slpm is sufficient to cool the
uppermost, warmest baffle to about 70 K. The separator is in-
strumented with a thermometer and a miniature superconduct-
ing level probe.
Liquid is drained from the bottom of the separator through
a 3 mm copper tube and delivered to a pumped bath of liquid
helium that is used to cool the polarized target samples to 1 K.
Between the separator and 1 K bath, the tube is thermally an-
chored to a second series of perforated copper plates which are
cooled by gas pumped from the bath. A small needle valve, lo-
cated at the cold end of this gas-liquid heat exchanger, is used
to meter the flow of liquid to the bath. The valve is actuated by
a room temperature stepper motor, and a computer-controlled
feedback loop is used to maintain a constant bath level without
user intervention. A second needle valve is used to bypass the
heat exchanger for more rapid cooling.
All components for the refrigerator are constructed around a
thin-walled, 2 in stainless steel tube that helps guide the target
insert (see Section 3.3) into the bath. This tube extends sev-
eral cm into the bath, and is outfitted with a calibrated cernox
resistor5, a 3He vapor pressure bulb, and a static tube for mea-
suring the 4He vapor pressure above the bath. High-precision
capacitance manometers are used for the vapor pressure mea-
surements, which establish the sample temperature during the
thermal equilibrium calibration of the NMR system (see Sec-
tion 3.4). A kapton film heater is attached near the bottom of
the guide tube and serves as an oven for annealing the beam-
induced radiation damage to the ammonia samples (see Sec-
tion 4.1).
The refrigerator slides into a 7 in diameter stainless steel
pumping tube that is suspended from the top plate of the tar-
get cryostat. A 46 cm long, 60 mm diameter aluminum exten-
sion attaches to the bottom of the pumping tube using standard
knife-edged flanges. The central part of this extension is ma-
chined to a wall thickness of 0.10 mm, for beam entrance and
exit. A custom-designed rotating vacuum seal is located be-
tween the upper end of the pumping tube and the cryostat’s top
plate. This seal is shown in figure 4. Using a 12,000 m3hr−1
Roots pump set, the refrigerator has a base temperature of about
0.9 K, and a cooling power of approximately 3 W at 1.4 K.
3.3. Target insert
The target insert consisted of a long, 1.65 in diameter car-
bon fiber tube with an aluminum ladder piece attached to the
end. This ladder contained the two Kel-f cells for the polar-
ized target material as well as additional target cells for back-
ground and beam optics measurements. The polarized mate-
rial cells were instrumented with ruthenium oxide resistors for
monitoring the temperature during normal operation, and Cer-
nox temperature sensors for monitoring the temperature during
cool down and target anneals. The additional cells could be
5Lake Shore Cryotronics, Inc.
Figure 4: Rotating vacuum seal for the refrigerator pumping tube. The bottom
flange seals against the top plate of the target cryostat using a preexisting bolt
circle and O-ring. The center flange is free to rotate against this flange with
two O-rings and steel bearing races. Differential pumping between the two O-
rings with a small vacuum pump is necessary to ensure vacuum integrity during
rotation only.
Figure 5: The target cells in liquid nitrogen, seen from the side. The beam
would enter from above. The right two cells seen contained the NH3 target
material. The microwave horn can be seen at the right of the image.
removed and replaced with cells containing different materials
as the need of the experiment changed from energy to energy.
In general, these additional targets consisted of either CH2 or
carbon targets of various thicknesses, as well as an empty tar-
get that contained nothing other than a dummy NMR coil. The
ladder portion of the inserts is shown in figure 5.
The position of the target cell in the beam’s path could be
adjusted by raising and lowering the entire insert, which was
attached to the top of the refrigerator with an edge-welded bel-
lows. The lifting is accomplished by means of a stepper motor
and linear bearing arrangement, with both the insert and a small
platform holding attached equipment moving vertically relative
to the refrigerator and therefore the electron beam. The insert
has an ISO flange with a stainless steel cylinder welded to the
top of it. The top of the cylinder is sealed with a bolted plate
and O-ring. This plate includes welded, ceramic feedthroughs
for the NMR system and the temperature instrumentation, and
an O-ring sealed feedthrough for the microwave guide. The
carbon fiber tube that comprises the body of this insert is suffi-
ciently rigid that the alignment of the cell can be accomplished
by keying the room temperature vacuum flange. This allows
for a repeatable and verifiable target orientation, which is im-
portant, since the target insert has to be removed on a regular
basis to change the target material.
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Figure 6: A simplified diagram of the NMR circuit
3.4. NMR
An NMR system was used to measure the target polariza-
tion throughout the experiment. The NMR system remained
basically unchanged from previous DNP targets used at Jeffer-
son Lab and by the University of Virginia Target Group. The
system consists of a series LCR circuit, tuned to the Larmor
frequency of the proton, a Liverpool Q-meter [10], and a fre-
quency modulating RF power supply. A diagram of the NMR
system is shown in figure 6. The inductor of the circuit is a
short coil of CuNi capillary installed inside the cell containing
the NH3 target material. The output voltage of this system as a
function of frequency is digitized using a PC-based ADC. The
area of this function is directly proportional to the polarization
of the proton in the target material.
To calibrate our NMR polarization measurements, 60 ther-
mal equilibrium measurements were taken at 22 occasions
throughout the two experiments. Most of these measurements
were taken at 1.4 K, although when time allowed additional
measurements were made at 1.0 K.
3.5. Microwaves
The microwaves necessary for the DNP process where gener-
ated by extended interaction oscillator (EIO) tubes6. Two EIO
tubes were used, one for the 2.5 T target configuration and one
for the 5 T target configuration. The tubes are matched to the
Larmor frequency of the electron, 70 GHz at 2.5 T and 140 GHz
at 5 T. Each tube has a tunable frequency range of about 1%.
The EIO tube and associated components were mounted on
top of the target lifter platform and moved with the insert.
The 70 GHz and 140 GHz tubes and their respective waveg-
uide components were all changed when the magnetic field was
changed. The microwaves were transmitted through a circular
waveguide that was attached to the sample insert and were fo-
cused on the target material through a horn located above the
top target cell. Only one microwave horn was used, so that the
microwaves had to pass through the top cell in order to reach
the bottom cell. About 1 W of microwave power was delivered
to the target cells at at 140 GHz and more that 2 W of power at
6Communications & Power Industries LLC
B Field Flux (e/cm2s) φ1 φ2 φ3 Pmax
5.0 T 15.8 × 1010 2.4 5.5 17.2 92%
5.0 T 2.0 × 1010 – – 25.6 95%
2.5 T 15.8 × 1010 1.8 9.6 32.3 28%
2.5 T [12] ≤ 5 × 1010 1.0 4.1 30. 47%
Table 1: Critical doses for typical polarization decays and maximum achieved
polarizations at varied field and beam current settings. Only a single decay
constant was seen in the low current, 5 T setting.
70 GHz. This is due to the lower attenuation in the waveguide
at 70 GHz.
4. Target performance and results
The two experiments, gp2 andG
p
E , had different magnetic field
and beam current requirements which resulted in varied regimes
of target performance. Both experiments took advantage of the
higher achievable polarization under a 5 T magnetic field, al-
though gp2 took a large portion of its data at 2.5 T, sacrificing
average polarization to achieve the desired acceptance at cer-
tain kinematics. Beam heating of the target material generally
constrains the beam current to 80–100 nA, while the sensitivity
of the beam position monitoring system put a lower limit on the
beam current at roughly 50 nA during the gp2 experiment.
The NH3 target material, in the form of 2–3 mm sized gran-
ules, was prepared by irradiation with a 14 MeV electron beam
at the NIST Medical–Industrial Radiation Facility in Gaithers-
burg, MD. The majority of the material was given an initial
dose of approximately 1.2×1017e/cm2 for optimal performance
at 2.5 T, while the remainder was irradiated to approximately
0.9 × 1017e/cm2 for 5 T running. The material was irradiated
in January of 2012 and stored under liquid nitrogen until use in
these experiments.
4.1. Beam on Target
Roughly 142 × 1015 electrons per cm2 (hereafter Pe/cm2) of
dose from the CEBAF electron beam were incident on polarized
14NH3 target samples during these experiments. The proton po-
larization of pre-irradiated ammonia is observed to decay with
the accumulation of additional ionizing radiation at 1 K [11].
The detrimental effects of this “cold dose” can be temporarily
mitigated by warming, or “annealing”, the target sample. Using
heating elements mounted in the refrigerator, 19 anneals were
performed at temperatures between 77 and 97 K for between 15
and 30 minutes, with the temperature and time increasing with
subsequent anneals on a given material.
We compare polarization decays vs radiation dose for differ-
ent field and beam current configurations using exponential fits
to the curves: P(φ) = P0e−φ/φ0 , for radiation dose φ and so–
called “critical dose” φ0. As a decay with dose will typically
have more than one exponential, we label the critical dose of
each successive exponential as φ1, φ2, φ3, as seen in figure 7.
Table 1 shows critical doses for typical decay curves for each
configuration, as well as results from Althoff et al. in 1984 [12].
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Figure 7: Example polarization decay with dose accumulation—from 2.5 T tar-
get field, 80 nA beam current running—showing three exponential fits to suc-
cessive decays.
4.2. 5 T Field Results
The polarization performance at the 5 T target field set-
ting were typical of previous experience; the peak polarization
achieved was 95%. As is typical in DNP for NH3 targets, posi-
tive polarization runs outperform the negative by a few percent.
When a low electron beam current of 10 nA was feasible due
to the high elastic scattering rates during GpE , polarizations ex-
ceeding 85% could be maintained for long periods of time, as
seen in figure 8. The last decay curve in this figure has a critical
dose of 25.6 Pe/cm2. The charge–averaged absolute polariza-
tion forGpE , excluding the commissioning irradiation, was 83%.
At 80 nA beam current and above, the polarization results
matched the performance of the 3 previous Hall C experiments
using this target. Anneals were performed after the polarization
dropped below roughly 65%, typically after 2-4 Pe/cm2 dose
on target. An increased decay rate was apparent with subse-
quent anneals: in a typical example, φ2 fell from 16.75 Pe/cm2
after the first anneal to 4.12 Pe/cm2 after the sixth. Although
the peak polarizations often reached 90%, the charge–averaged
polarization for this beam current and field configuration was
70%.
A strong dependence of the critical dose on the electron beam
current was also observed. At the low current, 10 nA setting, a
single decay constant of 25.6 Pe/cm2 was observed. This is
substantially slower than even the long life decay in the high
current case, which was typically around 17.2 Pe/cm2. We sus-
pect this indicates additional damage to the polarization due to
localized beam heating at higher beam current.
4.3. 2.5 T Field Results
With DNP under a 2.5 T magnetic field, much lower peak po-
larizations are expected; we achieved a maximum 28% in-beam
polarization. Figure 9 shows the lifetime of a material sample
which accumulated a third of the total dose on target during the
2.5 T running. The figure shows the 7 anneals on this material,
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Figure 8: Polarization vs. dose for the material which accounted for over half
the total dose accumulated during GpE , taken with a 5 T magnet field and 10 nA
beam current. The vertical line represents removal and storage at 77 K.
and the decrease in the peak polarization with subsequent an-
neals. Although the initial polarization decay after an anneal
was stark (φ1 = 1.84Pe/cm2), decay after 17% was character-
ized by a very long critical dose (φ3 = 32.36Pe/cm2), shown in
figure 7. These critcal doses were generally higher than similar
results from 1984 [12] seen in table 1, although the peak polar-
izations were lower. The charge–averaged polarization for the
2.5 T running was 15%.
The T1 relaxation time at 2.5 T was about 2 minutes, com-
pared to the nearly 30 minutes at 5 T, reducing the overhead
time for thermal equilibrium measurements drastically.
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Figure 9: Polarization vs. dose for the material which accounted for a third of
the total dose accumulated during the gp2 2.5 T magnet field running, under a
80 nA beam current. Vertical lines represent anneals.
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5. Summary
In order to meet the requirements of both the gp2 and G
p
E ex-
periments, updates were needed to the DNP target that had been
used previously in Hall C at Jefferson Lab. The most important
updates were a new 1 K Helium evaporation refrigerator and the
addition of a rotating seal to facilitate the rapid rotation of the
magnet. Failure of the Hall C magnet also required retrofitting
the magnet from the Hall B DNP target to the Hall C cryostat.
These essential updates, combined with a new target insert, a
new alignment system, and a new target positioning system led
to very reliable target operation in a variety of configurations.
Polarizations at 5 T were on a level consistent with previ-
ous operations of DNP targets at Jefferson Lab. The kinematic
requirements of the gp2 experiment necessitated 2.5 T running,
which resulted in far lower polarizations. A significant depen-
dence on the beam current was observed in plots of polarization
decay as a function of accumulated dose. This dependence,
along with the overhead associated with annealing the target
material, changing the sample, and calibrating the NMR should
be considered when designing future experiments. As the figure
of merit generally increases as the square of the polarization, in
some cases it is possible that a greater overall efficiency could
be achieved using lower beam currents.
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